Abstract: Individual tree crowns may be delineated from airborne laser scanning (ALS) data by segmentation of surface models or by 3D analysis. Segmentation of surface models benefits from using a priori knowledge about the proportions of tree crowns, which has not yet been utilized for 3D analysis to any great extent. In this study, an existing surface segmentation method was used as a basis for a new tree model 3D clustering method applied to ALS returns in 104 circular field plots with 12 m radius in pine-dominated boreal forest (64°14'N, 19°50'E). For each cluster below the tallest canopy layer, a parabolic surface was fitted to model a tree crown. The tree model clustering identified more trees than segmentation of the surface model, especially smaller trees below the tallest canopy layer. Stem attributes were estimated with k-Most Similar Neighbours (k-MSN) imputation of the clusters based on field-measured trees. The accuracy at plot level from the k-MSN imputation (stem density root mean square error or RMSE 32.7%; stem volume RMSE 28.3%) was similar to the corresponding results from the surface model (stem density RMSE 33.6%; stem volume RMSE 26.1%) with leave-one-out cross-validation for one field plot at a time. Three-dimensional analysis of ALS data should also be evaluated in multi-layered forests since it identified a larger number of small trees below the tallest canopy layer.
Introduction
Many modern systems for forest management planning require information at the individual tree level [1] [2] [3] [4] or, at least, about the distribution of stem diameters at breast height (DBH) [5] . For the purpose of forest resource planning, unbiased estimates are also essential.
Data from airborne laser scanning (ALS) are three-dimensional coordinate measurements of light reflections from the ground and other objects. During the last fifteen years, methods have been developed to use ALS data for estimation of forest variables such as tree height and stem volume. The most commonly used method is estimation at an area level when forest variables measured in field plots are modeled from variables derived from ALS data for the same area [6] . The variables derived from the ALS data are typically measures of the height distribution and the density of the ALS data in different height intervals above the ground. The estimation is usually done with regression models [6] or with semi-parametric models such as k-Most Similar Neighbours (k-MSN), where the similarity is based on canonical correlations [7] .
If the ALS data are dense enough, individual tree crowns (ITC) may also be delineated from the data. This has mostly been done based on surface models [8] [9] [10] , such as a normalized digital surface model (nDSM). Typically, the local maxima in the surface model are defined as tree tops and the area around them is delineated to define tree crowns [11] . Features extracted from the spatial distribution or the intensity values of the ALS data inside each segment may be used to estimate stem volume and tree species of the individual trees [12] [13] [14] . This kind of analysis utilizes more details of the ALS data together with the knowledge of the shapes and proportions of tree tops and tree crowns. However, it often fails to detect trees standing close together and trees below the tallest canopy layer [10, 15] .
The failure of ITC segmentation to detect all trees has been addressed with statistical approaches. Maltamo et al. [16] used expected tree size distribution functions to predict small trees. Lindberg et al. [17] classified the delineated segments to determine the number of trees contained in each segment. The properties of the trees contained in each segment were estimated with regression from the properties of the ALS data in the segment. The resulting tree list in each field plot was then adjusted using the estimated stem volume and distributions of DBH and tree height in the field plot. Holmgren et al. [18] used imputation to estimate tree lists based on properties of the ALS data in the segment using harvester data as training data. For estimation of several correlated variables, it is difficult to fit parametric models. Breidenbach et al. [19] used a similar imputation approach to determine the properties of the trees contained in each segment, which they named the semi-ITC approach. The results were not significantly biased and more accurate than estimates from regression models at area level. ITC segmentation makes use of the 3D structure of the ALS data and can be based on models of tree crowns, while estimation at an area level usually only considers the vertical distribution and density of the ALS data [20] .
Since the laser pulses can pass through gaps in the canopy, the ALS data include measurements of surfaces below the tallest canopy layer. This makes it possible to derive a digital elevation model of the ground also in dense forests [21, 22] . Additionally, measurements may originate from small trees below the tallest canopy layer. These 3D properties have been used to delineate tree crowns from ALS data with clustering-based approaches where the initial values for the clustering are derived from local maxima in an nDSM or other means of detecting tree tops from the ALS data [23] [24] [25] [26] [27] . Other approaches have been to delineate tree crowns based on the mean shift algorithm [28] and to first determine an approximate number of tree stems by clustering of the ALS data below the tree crowns and then use the estimated stem number to delineate tree crowns with a normalized cut algorithm [29] .
The aim of this study is to extract information from ALS data to estimate lists of individual trees with a higher accuracy when aggregated to area level than what is currently achieved with ITC segmentation of surface models. The idea is to first derive information about the tallest canopy layer from segmentation of a surface model and then use 3D analysis to extract information about trees below the tallest canopy layer with a tree model clustering approach. The information extracted from the ALS data is connected to field data to create models for unbiased plot level estimates of forest variables. The connection and estimation is done both for the tree model clustering approach and, as a comparison, for segmentation of a surface model.
Materials

Study Area
The study area ( Figure 1 ) is located in managed boreal forest in the north of Sweden (64°14'N, 19°50'E). The most common tree species and their fraction of the total basal area (Table 1) are Scots pine (Pinus sylvestris; 49%), Norway spruce (Picea abies; 35%), birch (Betula pendula and Betula pubescens; 15%), and other broadleaved trees (1%). The topography is hilly with several gorges and the ground elevation ranges between 125 and 350 m above sea level. 
Field Data
One hundred and four circular field plots with 12 m radius were allocated in August 2008 (Table 1 , Figures 1-3) . The field plots were randomly positioned close to the centre of the cross strips of the ALS data blocks to obtain a high density of laser measurements. The field plots were allocated based on stem volume estimates from ALS data at an area level [30] and tree species composition from aerial photo interpretation. The positions of the centre of the field plots were measured using a Differential Global Navigation Satellite System. Table 1 .
Within the field plots, the DBH of all trees with a DBH ≥ 40 mm was measured using a caliper and the species was recorded. The positions of the trees were measured relative to the centre using an ultrasound instrument [31] . The total number of trees was 5,397. For a random sub-sample of 283 trees with inclusion probability proportional to basal area, the height and age were also measured. In each field plot, additional site variables were collected such as site index, vegetation type, soil type, and previous treatments (e.g., thinning). Field data were collected using the Heureka application module Ivent, developed for large-scale inventories at the forest company level [32] . Figure 3 . The tree height distributions in the strata defined in Table 1 .
Tree height and stem volume were predicted based on the field measurements with the Heureka application module PlanWise, which is a system for long-term planning of larger forest holdings [32] . The tree height and form height of each field-measured tree were predicted with Söderberg's larger height and form height functions [33, 34] . For the subsample of trees where height was measured in field, the field-measured height was used instead. The volume of each field-measured tree was then calculated as the tree's basal area times the tree's form height. Söderberg's larger functions include tree age as an independent variable, and since tree age was not measured for all trees, tree age was first imputed using Elfving's age functions for single trees [35] .
ALS Data
The ALS data were acquired on 5 and 6 August 2008, using a TopEye MKII S/N 425 system with a wavelength of 1,064 nm carried by a helicopter. ALS data acquired at flying altitudes of 250 and 500 m above the ground were combined. The footprint diameter was 25 and 50 cm, respectively. The first and last returns were saved for each laser pulse and the total average density of emitted pulses was 15 m −2 .
Laser returns were classified as ground or non-ground using a progressive Triangular Irregular Network (TIN) densification method [21, 36] implemented in the TerraScan software [37] . The ground returns were used to derive a Digital Elevation Model (DEM) with 0.5 m raster cells.
Methods
The tree crown delineation consisted of two parts: Watershed segmentation of a correlation surface model followed by tree model clustering of ALS data in three dimensions (Figure 4) . The correlation surface and segmentation were the same as in Holmgren et al. [18] with the exception that the expected ratio of radius to model height was fixed (i.e., no training phase was used), while the tree model clustering was a new method. The result was segments and clusters, respectively. The segments and clusters were connected to field-measured trees and models were created for estimation of stem attributes from features extracted from the segments and clusters. 
ALS data
Segmentation of Correlation Surface
The segmentation method used for tree crown delineation was based on geometric tree crown models from ALS data [18] and rasters with 0.25 m cells. The parameter values of the segmentation were set empirically based on previous results [18] . First, a canopy height model (CHM) was created. A correlation surface (CS) was then calculated where a raster cell value was set to the maximum correlation found using tests with geometric tree models having the origin placed at the centre of the raster cell. For each raster cell with horizontal coordinates (x 0 ,y 0 ), different geometric models (i.e., generalized ellipsoids) [38] were used to calculate the height of the model surface (h) (Equation (1)):
The correlation (i.e., the linear dependence) was then calculated between the vertical coordinates (i.e., z-values) of laser returns and h-values calculated for the horizontal coordinates (i.e., x-and y-values) of the laser returns. The purpose was to calculate a value measuring how well the geometric models fitted to the data. The height of the centre of the model h 0 was set to the value of the CHM in the corresponding raster cell and different values of the radius r GER were tested, namely r GER = 0.5 m, 0.7 m, and r max , where r max was the maximum expected radius set as a proportion of model height. The CS was smoothed three times with a 3 × 3 Gaussian filter ( Figure 5 ) and then used for watershed segmentation. As an initial step for the watershed segmentation, a starting point (i.e., a seed) was placed in each raster cell with a non-zero CHM value and with a positive CS value. For each seed, the current location was updated to the neighbouring cell with the highest value of the smoothed CS and this was repeated until the position could not be updated because a local maximum of the smoothed CS had been reached. The seeds with the same final local maximum defined a segment. The next step was to merge segments with the aim of removing segments that only covered part of a tree crown. For each segment, geometric models were used to decide if the segment should be merged or not to a neighbouring segment. The model origin was placed in the raster cell having the maximum value of the CS within the tested segment (i.e., the segment centre) and a test value was calculated using only laser data within that segment. The model was also placed at a neighbouring segment centre and a test value was calculated using only laser data from within the tested segment. If the test at the tested segment centre yielded a higher value than a test at any neighbouring segment centre, the segment was not merged; otherwise, the segment was merged with the neighbouring segment for which the highest test value was calculated. The test value was the weighted correlation between z-values of the laser returns and h-values calculated for the x-and y-values of the laser returns, where the weight was distance above ground level multiplied by a penalty factor that was a function of the difference between the expected and observed ratio of radius to model height. In this study, the expected ratio of radius to model height was set to 0.08. The field-measured trees were co-registered with the resulting segments using the position image method by Olofsson et al. [39] .
Tree Model Clustering of ALS Data
The ALS data were divided into clusters with a new algorithm based on k-means clustering [40] . The segments delineated from the CS were used as a basis for clustering of ALS data in the tallest canopy layer. For clustering of ALS data below the tallest canopy layer, the shape of the trees and shrubs was modeled with a parabolic surface. The number of cluster centres was initially set to five times the number of delineated segments. The parameter values of the tree model clustering were set empirically based on the results of tests with different values.
The centres of the segments delineated from the CS were used as fixed cluster centres, referred to as cluster centres A. The horizontal coordinates of these cluster centres were set to the horizontal centres of the segments and the vertical coordinates were set to 0.8 times the heights of the segments H seg . Additionally, flexible cluster centres, referred to as cluster centres B, were placed at regular horizontal distances in the plot. The vertical coordinates of these cluster centres were initially set to the mean height of the ALS data in the plot. The cluster centres B were allowed to move freely while the horizontal coordinates of the cluster centres A were fixed and the vertical coordinates of the cluster centres A were restricted to ≥2/3 times H seg during the iterative clustering. The purpose of this was to identify clusters of ALS returns corresponding to tree crowns. The fixed cluster centres A corresponded to tree tops already identified in the CS and the flexible cluster centres B corresponded to suppressed trees that did not give rise to maxima in the CS.
First Step of Tree Model Clustering
In a first clustering step, the ALS data were clustered with the restriction above. Each iteration included the following:
(1). Each ALS return was assigned to the cluster centre with minimum distance d 1 2 (Equation (2)):
where (x i ,y i ,z i ) are the coordinates of ALS return i and (c x,j ,c y,j ,c z,j ) are the coordinates of cluster centre j. For the fixed clusters, the weight w seg was set to 1 for ALS returns inside the corresponding segment and to 2 for the rest of the ALS returns. The purpose of this was to reduce the chances of assigning ALS returns inside one segment to a cluster corresponding to a different segment. For the flexible clusters, the weight w sup was defined by Equation (3): (3) where z i,max is the top-most laser returns in a cylinder with 30 cm radius around return i. The purpose of this was to reduce the chances of assigning ALS returns close to the top of the canopy to flexible clusters. (2) . New coordinates of each flexible cluster centre were calculated as the mean of the coordinates of the ALS returns assigned to the cluster (Equation (4)): (4) where (x i,j ,y i,j ,z i,j ) are the coordinates of the ALS returns assigned to cluster j.
This was done for 25 iterations. After this, a parabolic surface was fitted for the ALS returns assigned to each cluster (Equation (5)): (5) where h par,j is the maximum height of the parabolic surface and k j is a constant which determines the radius of the parabolic surface. The maximum height of the parabolic surface was restricted according to Equation (6): (6) The parameter k j in Equation (5) was restricted to limit the radius r 0,j at ground level according to Equation (7):
To exclude outliers, only ALS returns fulfilling Equations (8) and (9) were used for fitting:
where σ xy,j is the standard deviation in the horizontal plane and σ z,j is the standard deviation in the vertical direction of the ALS returns assigned to cluster j. The fitting of the parabolic surface included only the top-most laser returns in a cylinder with 30 cm radius around each return (i.e., at the top surface of the cluster).
Second Step of Tree Model Clustering
In a second clustering step, the ALS data were clustered with a penalty term for ALS returns above the parabolic surface (Equation (10)): (10) where z par,i,j is the z-coordinate of the parabolic surface in Equation (5) . The ALS data were clustered using the distance measure in Equation (10) with 25 iterations and initial values of the cluster centres given by the result of the first clustering step. For each iteration, the parabolic surfaces were re-fitted for all clusters. The effect of the penalty term was that ALS returns above the parabolic surface were less likely to be included in the cluster.
After the second clustering step was finished, all flexible cluster centres B were examined to see if there was another cluster centre (fixed A or flexible B) at a minimum angle of 45° above. If any such cluster centres were found, the distance to the closest one was calculated. If the distance was smaller than two times the sum of the standard deviation of the distance from the cluster centre of the ALS returns assigned to the clusters, the clusters were joined. The lower cluster centre was removed and the ALS returns assigned to the lower cluster were assigned to the higher cluster. The coordinates of the higher cluster centre were updated to the mean of the coordinates of the ALS returns. The lower cluster centre was assumed to be part of a taller tree. This process started with the highest flexible cluster and continued downwards. The process was similar to region growing for image segmentation [41] . Finally, each ALS return was assigned to the cluster centre with minimum distance d 2 2 in Equation (10) ( Figure 6 ). Features were extracted from the ALS returns assigned to each cluster centre to use as input for the estimation of stem attributes. Flexible clusters with less than 30 ALS returns were excluded based on the observation that most of those clusters could not be connected to any field-measured tree and most likely corresponded to trees and shrubs with a DBH smaller than the threshold to be recorded in the field inventory.
Estimation of Stem Attributes
Tree Model Clustering
Each field-measured tree was connected to the closest cluster based on the distance from the field-inventoried tree top to the position defined by the cluster centre and the maximum height above the ground of the cluster. For each resulting cluster, a number of features were extracted ( Table 2 ). The features extracted from the clusters were used as independent variables for imputation of the trees connected to the clusters using two different models: Cluster1 and Cluster2. Cluster1 included all features extracted from the clusters, while Cluster2 included only features or transformed features that were significant in a regression model for maximum height of the trees connected to each cluster. The imputation was done separately for fixed and flexible clusters. 
Segmentation of Correlation Surface
As a comparison, the field-measured trees were connected to the segments delineated from the CS based on the distance between the tree top and the point defined by the segment centre and the height above the ground of the segment. For each segment a number of features were extracted (Table 3) . The features extracted from the segments were used as independent variables for imputation of the trees connected to the segments using two different models: Segment1 and Segment2. Segment1 included all features extracted from the segments, while Segment2 included only features or transformed features that were significant in a regression model for maximum height of the trees connected to each segment. 
Forest Variables Connected to Segments
The dependent variables were sums and means of stem attributes for the trees connected to the clusters and segments respectively ( Table 4 ). The dependent and independent variables in models Cluster2 and Segment2 were transformed to be linearly related to the maximum height of the trees connected to each segment. Table 4 . Dependent variables derived from the trees connected to the clusters and segments respectively.
Description of Dependent Variables Models Cluster1 and Segment1 Models Cluster2 and Segment2
Number 
k-MSN Imputation
k-MSN imputation is a multivariate inference procedure where estimates for a target observation are calculated from a set of nearest neighbours with similarity measures based on canonical correlations [42] . The models were established for the training data set, and the estimation was done for the validation data set (See Section 3.4). The imputation was done in two steps for clusters as well as segments. In the first step, the imputation was done for all clusters or segments in the validation data set based on all clusters or segments in the training data set. Only validation clusters or segments for which the estimated number of trees was at least one were used in the second step. Imputation was then based on training clusters or segments connected to at least one tree. The training data set included only clusters and segments where the centre was located inside a field plot and at least 2 m from the boundary (i.e., inside a buffer zone), but all clusters and segments where the centre was located inside a field plot were used for validation.
Validation
To validate the clustering as well as the segmentation, the closest connected field-measured trees were selected for each cluster and segment inside the buffer zones. A field-measured tree was linked if the distance was less than 12 × DBH to allow for positioning errors and tree height errors [39] .
The accuracy of the estimates from ALS data was validated using leave-one-out cross-validation for one field plot at a time. The accuracy was validated with the field-measured values at plot level using the RMSE (Equation (11)) and the bias (Equation (12)): (11) (12) where is the estimated value and Y k is the true value of the stem density, basal area, stem volume, or basal area-weighted mean tree height in plot k, and n is the number of field plots.
The error index (EI) [43] was calculated for the tree height, DBH, and basal area estimated from ALS data (Equation (13)): (13) where is the estimated value in interval l, F l is the field-measured value in interval l, m is the number of intervals, and N T is the sum of F l in all intervals. The size of the intervals was set to 1/10th of the maximum tree height, DBH, or basal area in each field plot.
Results
More field-measured trees could be linked to clusters from the tree model clustering than to segments delineated from the CS (Table 5) . However, the tree model clustering also resulted in more clusters that could not be linked to any field-measured tree. The total number of field-measured trees inside the buffer zones was 3,757. Table 5 . The number of clusters and segments linked to 0 field-measured trees, 1 field-measured tree, 2 field-measured trees, and ≥3 field-measured trees.
Trees Linked 1 Tree Linked 2 Trees Linked
≥3 Trees Linked Total Number of Linked Trees
The distributions of individual features of the clusters were similar for clusters linked to zero, one and two or more trees (Figure 7) . More field-measured trees below the tallest canopy layer and with a DBH < 20 cm could be linked to clusters from the tree model clustering than to segments delineated from the CS, especially in field plots with higher basal area-weighted mean tree height (Figures 8 and 9 ). Table 1 for the segments (blue), the trees linked to clusters (red), and the field-measured trees (black). The tree height distributions (log scale) in the strata defined in Table 1 for the segments (blue), the trees linked to clusters (red), and the field-measured trees (black).
The accuracy of the estimated stem density ( Figure 10 ) and tree height ( Figure 11 ) was slightly higher for the imputation of clusters than for the imputation of segments (Table 6 ). The accuracy of the estimated basal area ( Figure 12 ) and stem volume ( Figure 13 ) was slightly higher for the imputation of segments than for the imputation of clusters. The EI were slightly better for the imputation of segments than for the imputation of clusters. Examples of three field plots with field-measured trees and trees imputed from clusters and segments are shown in Figure 14 . 
Discussion
The tree crowns were delineated by segmentation of a correlation surface model followed by 3D analysis with a new tree model clustering approach. The linking of segments delineated from the CS had a high success rate for trees with a DBH ≥ 20 cm. Since the tree model clustering was based on the segmentation, the success rate was equally high in that case. However, more trees with a DBH < 20 cm could be linked to the result from the tree model clustering than to the segments delineated from the CS, especially in field plots with a higher basal area-weighted mean height where those trees were part of the understory below the tallest canopy layer. The tree model clustering appears to be successful at identifying tree crowns also for trees in the understory below the tallest canopy layer.
The accuracy at plot level of the estimated forest variables was similar for the tree model clustering and for the segmentation after k-MSN imputation. The segmentation typically identified the largest trees that contributed most to the stem volume and basal area, which resulted in accurate estimates for those forest variables. The tree model clustering divided some large tree crowns into several clusters and information was lost about those large trees. The segmentation is most successful for larger trees while methods that identify smaller trees may be less successful in delineating the tree crowns of the larger trees. The accuracy was comparable to previous studies with similar ALS data densities and forest conditions [19, 20, 44, 45] .
Tests with standard k-means clustering of the ALS returns resulted in much lower accuracy than obtained with segmentation of the CS. This was not improved by trying different parameters of the k-means clustering (e.g., different weights vertically and horizontally). For managed boreal forest, most trees can be identified successfully with segmentation of a surface model [10] . To utilize this, a tree model clustering approach was developed to combine the information derived from the CS with the 3D distribution of the ALS data below the surface model, in order to delimit the tallest tree crowns from lower vegetation and derive information about trees in the understory.
The k-means clustering divides the data into clusters based on the Euclidean distance to the cluster centres. The distances in horizontal and vertical directions had an equal weight, which means that the clusters resembled spheres. To model elongated (ellipsoid) tree crowns, different weights in horizontal and vertical directions could be used. However, tests with relative weights of 1.5-2 in the vertical direction made the result worse.
The delineation methods used in this study depend on several parameter values. Most existing methods for delineation of tree crowns from ALS data depend on parameter settings (e.g., height thresholds, raster cell sizes and filter sizes) selected manually by the operator in order to optimize the delineation [8] [9] [10] [11] 14, 24, 26] . Automated optimization of the parameters based on field data with known tree positions [25] could possibly be done for different forest types (e.g., coniferous forest or beech forest); however, this would require further research.
The CS was based on a priori knowledge of the shapes and proportions of tree crowns. Three-dimensional delineation of tree crowns may also benefit from using assumptions about the shapes and proportions of the tree crowns. In this study, this was achieved by fitting a parabolic surface to the top of each cluster and by joining clusters along a vertical axis if they were close enough.
The tree model clustering resulted in a large number of small clusters that could not be linked to any field-measured trees. Those un-linked clusters may correspond to parts of larger trees or to trees with a DBH smaller than the criterion to measure a tree in the field [20] . However, the result of the imputation was not impaired by the un-linked clusters, probably because the properties of the un-linked clusters differed from the linked clusters.
The segmentation method used in this study was the same as in Holmgren et al. [18] with the exception that the expected ratio of radius to model height was fixed (i.e., no training phase was used). The result of the segmentation may be improved by using a training phase to predict optimal parameter settings as a function of variables that can be derived from the ALS data. However, no training phase was used to set the parameters for the tree model clustering in this study, which means that the tree model clustering and the segmentation were based on the same conditions. The segmentation method has proved to perform well in a recent comparison with other segmentation methods for forests in Norway, Sweden, Germany, and Brazil [46] .
Only parts of the laser light can pass through the higher layers of the canopy and the measurements will not cover the area completely [47] . Due to this occlusion effect, some suppressed trees will give rise to very few or no ALS returns [48] . Hence, they cannot be delineated from the ALS data and it is difficult to estimate the complete tree height distribution in such cases.
The ALS data consisted of first and last discrete returns. The last return is typically from the ground, and ALS data with intermediate returns might provide more information about the understory. Another option is to use waveform ALS data. Waveform ALS data describe the whole backscattered signal and allow for detailed processing, such as derivation of returns from the waveforms using more advanced algorithms [49] and measurements of the scattering properties of vegetation and terrain surfaces [50] .
Conclusions
Delineation of tree crowns from a surface model based on a priori knowledge about the shape and proportion of the tree crowns identifies most of the trees in the tallest canopy layer of coniferous-dominated boreal forest and has been shown to perform at least as well as some 3D methods. Three-dimensional methods may also benefit from using a priori knowledge about the tree crowns. In this study, this was achieved with a tree model clustering approach by fitting a parabolic surface to the top of each cluster and by joining clusters along a vertical axis if they were close enough.
Segmentation of a CS (i.e., a surface model) identified 1,960 trees out of a total of 3,757, while the tree model clustering identified 2,169 trees. The results from the segmentation together with a model to estimate several trees for each delineated tree crown resulted in unbiased estimates of forest variables with a low RMSE (stem density RMSE 33.6% and bias −1.8%; stem volume RMSE 26.1% and bias 3.5%). The segmentation identified most trees with a DBH ≥ 20 cm. The tree model clustering approach was more successful than the segmentation in delineating trees with a DBH < 20 cm but did not improve the accuracy of the estimated forest variables at plot level (stem density RMSE 32.7% and bias 0.5%; stem volume RMSE 28.3% and bias 2.1%). Results from previous comparisons of segmentation of a surface model with tree crown models and clustering have shown higher accuracy for the segmentation [46, 51, 52] . The tree model clustering used the results from the segmentation for trees close to the top of the canopy and knowledge about the shapes and proportions of the tree crowns for all trees, which has not been done before. Three-dimensional analysis of ALS data may produce better results in forests with a large number of understory trees below the tallest canopy layer.
